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Reconstruction of a skin equivalent using an immortal-
ized human keratinocyte line, HaCaT, was investigated
in an attempt to generate an in vitro system representat-
ive for human skin. Three different substrates were
used to establish air-exposed cultures of HaCaT cells:
de-epidermized dermis, collagen gels, and filter
inserts. Effects of variations in culture conditions on
tissue morphology, on the expression of proliferation-
specific and differentiation-specific protein markers,
and on lipid profiles were investigated. When grown
at the air–liquid interface HaCaT cells initially
developed a multilayered epithelium, but during the
course of culture marked alterations in tissue architec-
ture were observed. Ultrastructurally, a disordered
tissue organization was evident as judged from the
presence of rounded cells with abnormally shaped
nuclei. Keratins K1 and K10 were irregularly expressed
Skin irritancy testing of chemicals has generally beenperformed in animal experiments. Owing to ethicalobjections and statutory regulations, however, researchis focused on the development of alternative systems forthe screening of new products.
The reconstruction of skin by recombination of human ker-
atinocytes with dermal substrates provides a means to perform
studies in the area of skin biology, pharmacology, and toxicology.
Different skin equivalents can be generated depending on the types
of skin cells incorporated in the epidermal (e.g., keratinocytes,
melanocytes, Langerhans cells) and the dermal compartment and
on the type of substrate that is used. Tissue architecture of these
models closely resembles native human epidermis (Ponec et al,
1988; Naughton et al, 1989; Boyce et al, 1990; Re´gnier et al, 1990;
Rosdy and Clauss, 1990; Bell et al, 1991, 1997a).
Although normal human cells isolated from fresh skin specimens
are generally used to establish in vitro skin equivalents, extrapolation
of studies using primary cultures of normal human skin cells may
be hampered due to donor-to-donor variability and variation
between cells originating from different body regions. The use of
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in all cell layers, including stratum basale. Staining of
K6/K16 was evident in all cell layers. Locally, basal and
suprabasal cells were positive for K4 and additionally
expressed K13 and K19. The cornified envelope pre-
cursors were expressed only in older cultures (>2 wk
after air exposure), except for transglutaminase and
small proline rich protein 1, which were irregularly
expressed in both early and older cultures. In addition,
HaCaT cells showed an impaired capacity to synthesize
lipids that are necessary for a proper barrier formation
as indicated by the absence of free fatty acids and a
very low content and incomplete profile of ceramides.
Our data demonstrate that the ultimate steps of ter-
minal differentiation in HaCaT cells do not occur
irrespective of the type of substrate or the culture
conditions. Keywords: keratinocyte differentiation/keratins/
lipids/reconstructed epidermis. J Invest Dermatol 112:489–
498, 1999
primary cells, however, may remain preferable to cell lines for
evaluating differences within populations and differences in the
epithelial maturation intrinsic to different body sites. The use of
established cell lines will not only allow unlimited access by passaging
and cryopreservation, but may also improve the reproducibility and
consistency of skin models, thereby allowing specific pathways or
variables to be identified and assessed. The additional use of
chemically defined media and artificial substrates may provide easy-
to-use systems for routine cutaneous irritancy testing of chemical
compounds. Reduction of intralaboratory and interlaboratory vari-
ations will facilitate incorporation of skin models into regulatory
procedures for biologic and clinical studies and industrial
applications.
Few, mostly partially, transformed epidermal cell lines have been
described in the literature, namely cell lines transformed by infection
with simian virus 40 (Taylor-Papadimitriou et al, 1982; Brown and
Gallimore, 1987) or with human papilloma virus type 16 and 18
(Woodworth et al, 1988), the human epithelial cell line NCTC2544
(Ree et al, 1981), and the spontaneously transformed HaCaT cell
line (Boukamp et al, 1988). Virus-infected immortalized cells,
however, have a reduced capacity to differentiate and NCTC2544
cells only form monolayers in culture and lack specific epidermal
markers. In contrast, the HaCaT cell line is derived from normal
human abdominal skin and described to exhibit a differentiation
profile comparable with normal human keratinocytes (NHK) when
cultured under submerged conditions. Expression of a number of
differentiation-specific protein markers, such as keratins K1 and
K10, involucrin and filaggrin has been demonstrated in these
cultures, although stratification was incomplete (Ryle et al, 1989).
Despite the altered and unlimited growth potential, these cells have
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Figure 1. Histologic appearance of HaCaT cells cultured on fibroblast-populated collagen gels. HaCaT cells were grown for 2 wk (A), 3 wk
(B), 4 wk (C), and 5 wk (D) at the air–liquid interface in (a) medium C, (b) medium A, and (c) medium B followed by paraffin-embedding for
hematoxylin and eosin staining. In medium A and C a multilayered epithelium was formed at earlier time-points followed by an earlier onset of epithelial
disorganization and senescence compared to cultures grown in medium B. Scale bar: 10 µm.
been reported to form an orderly structured and differentiated
epidermal tissue after transplantation on to athymic nude mice
(Boukamp et al, 1988). Under these physiologic circumstances an
epidermis was reconstituted similar to that formed by NHK.
Although HaCaT cells exhibit a transformed phenotype, they have
been shown not to be tumorigenic nor invasive (Boukamp et al,
1985, 1997).
HaCaT cells have previously been used in pharmacologic and
cutaneous toxicity studies and in studies on peptide metabolism
(Bernd et al, 1990; Tatnall et al, 1990; Bonnekoh et al, 1991;
Korting et al, 1994; Steinstrasser, 1994). In addition, as it has been
described that HaCaT cells are capable of secreting cytokines
and to express major histocompatibility complex (MHC) class I
molecules and ICAM-1 upon stimulation (Owsianowski et al, 1991;
Winiski and Foster, 1992), the use of this cell line in skin
models may be advantageous for the standardization of irritancy
screening systems.
The aim of the study was to generate a reconstructed human
epidermis using an immortalized human keratinocyte cell line,
HaCaT, with the final goal to establish a skin equivalent for
application in cutaneous irritancy studies. Three different dermal
substrates were used to generate reconstructed epidermis with
HaCaT cells: de-epidermized dermis (DED) obtained from human
cadaver skin, collagen matrices, and inert filters. Effects of variations
in environmental conditions have been investigated with respect
to the influence of dermal fibroblasts and to supplementation of
the culture medium with various additives. Multiple criteria were
used for characterization of the cultures, including tissue morpho-
logy, proliferation index, expression of differentiation-specific
protein markers, and lipid composition.
MATERIALS AND METHODS
Dermal equivalents Normal human fibroblasts were obtained after
outgrowth from human skin explants, subcultured by trypsinization and
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Figure 2. Histologic appearance of HaCaT cells cultured on DED
for (a) 1 wk or (b–d) 3 wk. After air exposure cultures were grown on
DED in medium C for 1 wk (a) or 3 wk (b–d) followed by paraffin-
embedding for hematoxylin and eosin staining. In 3 wk old cultures
occasionally SG-like (arrow) or SC-like structures were visible in which
the SC-like layers were either (c) nucleated (*) or (d) anucleated (1). The
presence of features of premature terminal differentiation did not parallel
an improved tissue organization. Scale bar: 10 µm.
grown in Dulbecco’s modified Eagle’s medium (DMEM; ICN Biomedicals,
Costa Mesa, CA) supplemented with 5% bovine calf serum (HyClone
Laboratories, Logan, UT), 100 U penicillin per ml and 100 µg streptomycin
per ml (ICN Biomedicals). The cultures were used between passages 2
and 9. Different dermal substrates were used for the generation of air-
exposed cultures: DED, filter inserts, and collagen gels, which were either
cell-free or fibroblast-populated. In some experiments using cell-free
substrates, 25,000 γ-irradiated normal human fibroblasts per cm2 were
seeded on the bottom of 6 cm Petri dishes on the day of starting the
cultures. DED were obtained from human cadaver skin and prepared as
described previously (Ponec et al, 1988). In some experiments, fibroblasts
were grown on the basolateral side of DED 3 wk prior to seeding the
keratinocytes on top. For experiments on polycarbonate filters (diameter
24 mm; Corning Costar, Cambridge, MA), normal human fibroblasts were
seeded underneath the filter. Fibroblast-populated collagen gels were
prepared as described by Parenteau (1994) and Fusenig (1994). Collagen
was isolated either from rat tail tendons or from bovine skin (a generous
gift of Dr. Ch. Lapie`re, Lie`ge, Belgium) and was used at a final concentration
of 3.2 mg per ml. Collagen gels were prepared by mixing eight volumes
of collagen solution (4 mg per ml) with one volume of 103DMEM or
Hank’s balanced salt solution at 4°C. After neutralization with NaHCO3
or NaOH, one volume of fetal bovine serum (FBS) containing normal
human fibroblasts (0.25–2 3 106 cells per ml FBS) was added. The
fibroblast-containing collagen solution was poured in 24 well plates or on
polycarbonate filter inserts (diameter 25 mm; Becton Dickinson Labware,
Bedford, MA) and further incubated at 37°C. In the latter case, glass rings
were pressed on to the gels after polymerization.
Epidermal equivalents NHK were isolated from epidermis of female
breast skin obtained after surgical operations and were grown submerged
in a mixture of DMEM/Ham’s F12 media (3:1) supplemented with 5%
bovine calf serum (HyClone Laboratories), 1.0 µM hydrocortisone (Sigma,
St Louis, MO), 1.0 µM isoproterenol (Sigma), 0.5 µg insulin (Sigma) per
ml, 100 U penicillin per ml and 100 µg streptomycin per ml (ICN
Biomedicals). After 3–5 d, 1 ng epidermal growth factor (EGF) per ml
was added to the medium and the cells were further incubated up to
subconfluence (Ponec et al, 1985). For experiments, secondary passages of
NHK were seeded on dermal substrates at a density of 0.25 3 106 per cm2.
HaCaT cells (a generous gift of Prof. Dr. N. Fusenig, Heidelberg,
Germany) were grown submerged in DMEM supplemented with 5% FBS
(HyClone Laboratories) and subcultured at postconfluence (Boukamp et al,
1988). For experiments, passages between 30 and 45 were used and the
cells were seeded on dermal substrates at varying densities ranging from
0.25 3 106 to 1.25 3 106 per cm2.
Collagen gels were prepared in 24 well plates and after seeding of the
HaCaT cells, the gels were placed on to stainless steel grids and lifted to
the air. For collagen gels prepared on filter inserts, 1 d after seeding of the
HaCaT cells the glass rings were removed and the cultures were exposed
to the air. Cells seeded on DED and on filter inserts were grown under
submerged conditions for 7 d after which they were lifted to the air–liquid
interface. Cultures on collagen matrices were kept submerged for 1 or 7 d.
A mixture DMEM/Ham’s F12 (3:1) media was used with following
supplements: 5% bovine calf serum, 0.5 µM hydrocortisone, 0.1 µM
isoproterenol, 0.5 µg insulin per ml, and at air exposure 1 ng EGF per ml
was added (medium A); 10% FBS, 0.1 nM cholera toxin (Sigma), 0.4 µg
per ml hydrocortisone and 50 µg per ml ascorbic acid (Sigma) throughout
the whole culture period (medium B, as described by Smola et al, 1993;
Breitkreutz et al, 1998). For cultures grown under serum-free conditions,
the cells were seeded in medium A and 1 d after seeding the serum
concentration was reduced to 1% bovine calf serum and additionally
supplemented with 10 mM serine (Sigma), 10 µM carnitine (Sigma), 50 µg
ascorbic acid per ml, 1 µM α-tocopherol (Sigma), 4 µg linoleic acid per
ml coupled to β-dextrin (Sigma), and 24 µM bovine serum albumin (BSA;
Sigma). At air exposure, serum was omitted from the medium and only
the concentration of linoleic acid was increased to 8 µg per ml (medium
C, as described by Ponec et al, 1997a). The standard composition of
medium C contained the vitamins ascorbic acid (50 µg per ml) and α-
tocopherol (1 µM) and the growth factor EGF (1 ng per ml). Other
growth factors were added alone or in combination with EGF. Other
vitamins were added in combination with ascorbic acid and α-tocopherol
in the medium. All additives which were added at air exposure were
obtained from Sigma: 1 or 10 ng EGF per ml, 5 ng keratinocyte growth
factor per ml, 5 ng transforming growth factor (TGF)-α per ml, 10–8 M
1,25 dihydroxyvitamin D3, 10
–11 M of the vitamin D3 derivative KH1060,
10–12 M of the vitamin D3 derivative EB1089 (derivatives were a kind gift
of Dr. L. Binderup, Denmark), 10–7 M all-trans-retinoic acid (RA) and
10–7 M 9-cis-RA (Sigma), 1 µM transferrin and 1 nM 3,3,5-triiodo-L-
thyronine (T3). Progesterone (Sigma) and β-estradiol (Sigma) were added
at concentrations varying from 0.01 to 1.0 µM. Medium was renewed
three times a week and cultures were used at 2–5 wk after air exposure.
Tissue morphology Samples were fixed in 4% paraformaldehyde and
processed for embedding in paraffin. Vertical sections (5 µm) were cut and
stained with hematoxylin and eosin for light microscopic examination.
Immunohistochemical staining Immunohistochemistry was per-
formed on paraffin or cryostat sections. Briefly, the cultures were fixed in
4% paraformaldehyde, dehydrated and embedded in paraffin or were fixed
in OCT compound (Miles, Elkhart, IN) and frozen in liquid nitrogen.
Paraffin sections were cut, deparaffinized in ethanol, and rehydrated in
preparation for staining. Cryostat sections were cut at –20°C, air-dried,
and fixed in acetone. Antibodies that were used: K1 (LHK1), K6 (LHK6B),
K14 (LLOO2), K16 (LLOO25) (Dr. I. Leigh), K4 (6B10), K13 (IC7),
K18 (M9) (Dr. G. van Muijen), K10 (RKSE) (Dr. F. Ramaekers),
transglutaminase I (BC1) (Dr. R. Rice), involucrin (SY5) (Dr. F. Watt),
loricrin (Prof. Dr. D. Roop), small proline rich proteins (SPRR) 1, 2, and
3 (Dr. C. Backendorf), and SKALP (Dr. J. Schalkwijk). The antibody to
Ki67 was obtained from DAKO (Glostrup, Denmark).
After incubation with primary antibodies, sections were stained with
the avidin–biotin–peroxidase complex system (streptABcomplex/HRP,
DAKO) with the following minor modifications: phosphate-buffered saline
was used instead of Tris-buffered saline and for Ki67 staining the slides
were immersed in 0.1 M citrate buffer (pH 6.0) for 30 min at 100°C
followed by cooling to room temperature for at least 2 h prior to antigen
retrieval. All sections were counterstained with hematoxylin.
Estimation of Ki67 proliferation index The number of Ki67 positive
nuclei on the total number of basal cells (3100%) was used to determine
the Ki67 proliferation index. A minimum of 100 cells was counted at light
microscopic level (magnification 2003) at four different regions in each
section. The resulting data are expressed as the mean of two independent
experiments 6 SD.
Lipid extraction and separation Cultures were placed between two
small glass plates in a drop of saline and heated for 1 min at 60°C on a
hot plate to separate the epidermis from the dermal substrate. The epithelial
tissue was stored at –20°C in a mixture of chloroform/methanol (2:1, vol/
vol) until further use. Total epidermal lipids were extracted according to
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Figure 3. Ultrastructure of HaCaT cells grown on DED for 3 wk. After air exposure the cultures were grown on DED in medium C for 3 wk.
Transmission electron micrographs showing (a) an overview with rounded basal cells, flattened cells in SPB layers and sometimes a parakeratotic SC, scale
bar: 10 µm; (b) remarkably lobulated and irregularly shaped nuclei of the HaCaT cells in all cell layers, scale bar: 10 µm (c) the presence of abnormally
high numbers of lipid droplets in SPB layers (*), scale bar: 0.5 µm; and (d) normal appearance of stellate and round keratohyalin granules associated with
keratin filament bundles (1), scale bar: 0.5 µm.
the method of Bligh and Dyer (1959) and the extracted lipids were
separated as described by Ponec and Weerheim (1990). Briefly, separation
was performed using one-dimensional high-performance thin-layer chro-
matography on 20 3 10 cm glass plates coated with silica gel (Kieselgel
60, Merck, Darmstadt, Germany) using a total lipid or ceramide develop-
ment system. Serial dilutions of lipid standards (Sigma) and lipid extracts
obtained from normal human skin were run in parallel. Quantitation was
performed after staining with copper acetate and copper sulfate in phos-
phoric acid and charring using a photodensitometer with automatic peak
integration (Desaga, Heidelberg, Germany).
Transmission electron microscopy Specimens were processed for
electron microscopy as described elsewhere (van der Meulen et al, 1996).
Briefly, cultures were fixed in 2% paraformaldehyde/2% glutaraldehyde in
0.1 M cacodylate buffer. Postfixation was performed with 1% (wt/vol)
osmium tetroxide, followed by dehydration in ethanol up to 70% and
embedding in EPON812. Ultrathin sections were collected on copper
grids and stained with uranyl acetate and lead hydroxide. Microscopy and
photography were performed with a Philips 410 Transmission Electron
Microscope.
RESULTS
During the course of culture air-exposed HaCaT cells dem-
onstrate marked alterations in epidermal morphology Pilot
studies in our laboratory revealed that HaCaT cells, when grown
at the air–liquid interface, showed different tissue architecture as
compared with NHK and native epidermis. This was observed
irrespective of the dermal substrate used; DED, fibroblast-populated
collagen gels, and filter inserts (data not shown). For all three
systems, tissue architecture was not affected by increasing the
seeding density of HaCaT cells from 0.25 to 1.25 3 106 cells per
cm2. Our study mainly aimed at modifying the culture conditions
to explore the factors controlling growth, organization, and differen-
tiation of HaCaT cells in air-exposed culture systems.
HaCaT cells seeded on fibroblast-populated collagen matrices
were cultured in different media; in standard medium used for
HaCaT cells (medium B) and in media often used for air-exposed
NHK cultures. In the latter case both serum-containing (medium
A) and serum-free medium (medium C) were tested. When using
medium A and C, already 2 wk after air exposure a multilayered
epithelium was formed which increased in thickness until 3 wk
after air exposure followed by the onset of increasing epithelial
disorganization and senescence (Fig 1a, b). In cultures generated
in medium B a thin epithelium was formed first, which gradually
became thicker when the culture time was prolonged up to 5 wk
(Fig 1c). No differences were observed in epidermal differentiation
irrespective of whether the cultures on collagen gels were kept
submerged for 1 or 7 d. Similar differences were observed when
HaCaT cells were grown on a natural substrate, such as DED. In
general, when generated in medium C, cultures demonstrated a
multilayered epithelium at earlier time points as compared with
cultures grown in medium B (data not shown). In addition, tissue
architecture of HaCaT cultures grown in medium C was not
clearly affected by the presence of fibroblasts. Cultures established
in medium B, however, showed an improved architecture only
when a sufficient number of fibroblasts was incorporated in the
substrate (data not shown). In the absence of growth factors, the
increase in epidermal thickness was markedly delayed, whereas
supplementation with EGF in particular affected both proliferation
and differentiation resulting in the formation of a multilayered
epithelium already 2 wk after air exposure. Addition of TGF-α
gave comparable results and use of keratinocyte growth factor
induced a slightly thinner epithelium compared to EGF and TGF-α.
After air exposure, HaCaT cells initially developed a multilayered
epithelium of similar morphology as early air-exposed cultures of
NHK (Fig 2a) (Ponec et al, 1988). As the differentiation process
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Figure 4. Localization of K1 and K10 expression changes during
the course of culture. Immunohistochemical staining of K1 (a, b) and
K10 (c, d) in HaCaT cultures grown on DED in medium C for (a, c) 1 or
(b, d) 3 wk at the air–liquid interface. Note the irregular staining in all cell
layers in 3 wk old cultures compared to SPB expression in more orderly
stratified 1 wk old cultures. Scale bar: 10 µm.
proceeded in time, however, the tissue became disorganized
(Fig 2b). Only very occasionally features of terminal differentiation
were observed like formation of stratum granulosum-like and
stratum corneum-like layers. The cornified-like structures contained
nuclear remnants or were anucleated (Fig 2c, d). Moreover,
numerous lipid droplets were noticed which were distributed
irregularly throughout stratum suprabasale (SPB) in 2–3 wk old
cultures. The number of lipid droplets was higher in serum-
containing medium, although they could also be detected under
serum-free conditions.
In an attempt to improve tissue architecture culture medium
was also supplemented with various differentiation-modulating
agents. The use of growth factor-free medium supplemented with
vitamin D3 or its analogs (KH1060 and EB1089) resulted in the
formation of a slightly thinner epithelium compared with medium
without vitamin D3. When the medium was supplemented with
growth factors (EGF, TGF-α, or keratinocyte growth factor) and
vitamin D3, however, no effect of the vitamin on tissue morphology
was observed. The presence of all-trans-RA, 9-cis-RA, or a
combination of all-trans-RA and vitamin D3 in the medium
resulted in the formation of a multilayered epithelium comparable
with that seen in the presence of vitamin D3 only.
The effect of different steroid hormones in the culture medium
on epidermal morphology was investigated as these compounds have
been shown to promote skin barrier formation and concomitantly
to improve epidermal morphogenesis (Hanley et al, 1996a, b).
Enrichment of the medium with estradiol, progesterone, or com-
binations of both compounds, however, did not affect tissue
architecture.
At ultrastructural level HaCaT cells show a disordered tissue
organization with abnormally shaped nuclei and abundant
lipid droplets Ultrastructurally, air-exposed HaCaT cultures
formed a multilayer consisting of a basal cell layer with rounded
cells and of suprabasal cells showing a flattened appearance in the
upper cell layers (Fig 3a). A parakeratotic SC was sometimes
observed. Very remarkable were the extremely lobulated and
irregularly shaped nuclei (Fig 3b). In the cytoplasm occasionally
small vesicles were seen with an electron-dense core surrounded
by an electron-loosen halo and an electron-dense rim. The abund-
ance of lipid droplets was a common phenomenon in all SPB layers
with increasing numbers towards the outer cell layers (Fig 3c).
Although in upper cell layers locally condensation of keratin
filaments was recognizable, the filaments were in general normally
packed and frequently associated with round or stellate-shaped
keratohyalin granules (Fig 3d). Most cells were interconnected and
typical desmosomal structures were evident, but areas of amorphous
material and dead cells were locally visible in the living tissue. The
absence of lamellar bodies and lamellar lipid structures indicated
incomplete terminal differentiation.
Addition of growth factors does not result in a normalization
of proliferative activity in HaCaT cultures To assess prolifer-
ative activity, immunohistochemical staining with the proliferation
marker Ki67 was performed. Staining was performed on sections
of cultures that were grown on DED in medium C and the effect
of supplementation of the culture medium with different growth
factors was investigated. The ratio of the number of Ki67-positive
cells in the basal and in the first SPB layer was determined to
obtain a Ki67 proliferation index. Only 2 wk old cultures were
included in the measurements. It should be noted that mean values
are presented and that the proliferation index tended to be a little
higher towards the outgrowing parts of the cultures. In the absence
of growth factors, the proliferation index was 35.2% 6 6.5% in
the stratum basale (SB) and 6.3% 6 2.0% in the first SPB layer. In
the presence of 1 or 10 ng per ml EGF in the medium the
proliferation index was 34.6% 6 4.1% and 44.9% 6 15.0%,
respectively, for the SB, and 10.2% 6 5.1% and 8.5% 6 5.3%,
respectively, for the first SPB layer. Supplementation with 5 ng
TGF-α per ml yielded a proliferation index of 30.6% 6 5.6% for
the SB and 8.0% 6 3.4% for the first SPB layer. After addition of
5 ng keratinocyte growth factor per ml the proliferation index
measured in the SB and first SPB layer was 23.5% 6 5.2% and
6.8% 6 2.7%, respectively.
Differentiation-specific protein markers are irregularly
expressed in air-exposed HaCaT cultures
Keratins To investigate further the balance between growth and
differentiation in air-exposed HaCaT cultures, the expression of
early and late differentiation-specific protein markers was deter-
mined. The expression of keratins was examined both in early
cultures (1 wk after air exposure) and in older cultures. Staining of
the early differentiation markers K1 and K10 in 1 wk old cultures
was demonstrated in SPB layers (Fig 4a, c). In 2–3 wk old cultures
expression of these keratins was evident in all cell layers, including
SB, although staining showed great variations: a profound expression
was visible in some cells while other cells did not show any
expression (Fig 4b, d). Similar variations in staining were seen in
HaCaT cells grown on filter inserts or on collagen gels for 2–3 wk,
but in contrast to cultures generated on DED, cultures on filters
showed no staining for K1 in basal cells (data not shown). K6 and
K16, often referred as markers of hyperproliferation, were detected
in all cell layers in both early and older cultures (Fig 5a). Epithelial
keratins, K4, K13, and K19, which are normally not expressed in
the skin (van Muijen et al, 1987), were demonstrated in air-exposed
HaCaT cultures. Basal and SPB layers were locally positive for K4,
although staining was more often seen in SPB layers (Fig 5b). K13
was not present in basal cells and only weak staining was found in
SPB layers (data not shown). No differences were noticed in early
and older cultures with respect to the localization and intensity of
K4 and K13 expression. K19 was irregularly expressed in all cell
layers, but expression was less pronounced in disorganized structures
in upper layers of older cultures (Fig 5c). No expression of K18
was noticed in air-exposed HaCaT cultures. Expression of these
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Figure 5. Irregular expression of K6, K4, and K19, and cornified envelope precursors. Immunohistochemical staining of K6 (a), K4 (b), K19
(c), involucrin (d), loricrin (e), transglutaminase (f), SPRR 1 (g), SPRR 2 (h), and SPRR 3 (i) in HaCaT cultures grown on DED in medium C for 3 wk
at the air–liquid interface. Note the high K6 expression and expression of keratins that are normally not present in human skin. Irregular expression of
all cornified envelope precursors was evident in particular in older cultures. Scale bar: 10 µm.
keratins was similar irrespective of the substrate and the medium
used.
Cornified envelope precursors The differentiation markers, involucrin
and loricrin, were irregularly expressed in disorganized structures
that were often found in SPB layers in older cultures (Fig 5d, e).
No staining of these markers was seen in early cultures. HaCaT
cells grown on filters were more often negative for involucrin and
loricrin than cultures on DED and on collagen matrices, but
occasionally a high suprabasal staining was noticed. Transglutaminase
was expressed irregularly in all cell layers both in early and older
cultures (Fig 5f). With respect to the expression of the small proline
rich proteins (SPRR), variable staining patterns were found. SPRR1
was found in all cell layers, both in early and older cultures. SPRR2
expression was either absent or weakly expressed in SPB layers
in older cultures. SPRR3 staining was locally associated with
disorganized structures in older cultures (Fig 5g–i). No expression
of SPRR2 and SPRR3 was demonstrated in early cultures. Staining
of SPRR2 and SPRR3 was more pronounced in cultures grown
in serum-containing medium.
HaCaT cells demonstrate an impaired capacity to synthesize
stratum corneum barrier lipids In HaCaT cultures abundant
amounts of phospholipids and triglycerides were detected, while
the amounts of glucosphingolipids, ceramides, and free fatty acids
were very low. This was observed irrespective of the medium used.
Remarkably, cultures grown in medium B demonstrated a low
content of triglycerides. From all ceramide classes only ceramide 2
was present in these cultures. The epidermal lipid profile in HaCaT
cultures did not change upon prolongation of the culture time up
to 5 wk (Fig 6A, lanes 10–12) and was close to that seen in
submerged cultures of NHK, and clearly different from that
observed in air-exposed NHK cultures and in native epidermis
(Fig 6A, lanes 1–3). The results were similar irrespective of the
substrate used, the only exception being the higher amount of
triglycerides in HaCaT cultures on collagen gels and on filter inserts
compared with cultures grown on DED. Moreover, the type of
collagen (i.e., rat or bovine) or the use of early or late passage
HaCaT cells did not affect the lipid profile (data not shown). When
medium A was used instead of medium B, the rate of ceramide
synthesis increased and next to ceramide 2 also minute amounts of
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ceramide 1 and 3 were synthesized (Fig 6A, lanes 4, 7, 10).
Ceramide synthesis was further stimulated when medium C was
used. Under these conditions, next to glucosphingolipids also
ceramide 4 and 5 were synthesized (Fig 6A, lanes 5, 8, 11). The
most polar ceramides 6 and 7 were absent in spite of supplementation
of the medium with vitamin C (Ponec et al, 1997a). As compared
with air-exposed NHK cultures, the total ceramide content was
markedly lower in air-exposed HaCaT cultures. Under all culture
conditions tested, prolongation of the culture time up to 5 wk did
not induce any significant changes in overall lipid synthesis (Fig 6B)
and ceramide profiles (Fig 6C). Other supplements, such as growth
factors, vitamins, and hormones, did not induce any further
modulations of the lipid composition (data not shown).
DISCUSSION
As pilot investigations in our laboratory demonstrated differences
in tissue architecture in air-exposed cultures of HaCaT cells
compared with NHK and native epidermis, the present study aimed
at modifying the culture conditions to explore the factors controlling
growth, organization, and differentiation of HaCaT cells under air-
exposed conditions.
A main indication of an abnormal differentiation behavior
displayed by HaCaT cells was the finding that they expressed a
broader spectrum of keratins than NHK, including keratins that
are normally not expressed in native skin (i.e., K4, K13, K19; van
Muijen et al, 1987; Morley and Lane, 1994; Asselineau and Darmon,
1995). In air-exposed HaCaT cultures, SB and SPB layers were
locally positive for K4 and expressed K13 and K19, showing a high
resemblance to the expression pattern found in submerged NHK
cultures, in early (,15 wk) fetal epidermis, in nonkeratinizing
squamous epithelia (Tseng et al, 1982; Lane et al, 1985; van Muijen
et al, 1987), including oral mucosa, esophagus, exocervix, and in
squamous cell carcinomas derived from these tissues (Moll et al,
1982a, b; Grace et al, 1985; Ouhayoun et al, 1985; Wild and
Mischle, 1986). Besides the resemblance of air-exposed HaCaT
cultures with nonkeratinizing stratified epithelia, the expression of
K4, K13, and K19 has also been demonstrated in abnormal
parakeratotic epithelia. In addition, the presence of these keratins
and the low ceramide content in air-exposed HaCaT cultures
resemble air-exposed cultures of NHK grown in the presence of
RA (Ponec and Weerheim, 1990). Also in a study by Asselineau
and Darmon (1995) it has been demonstrated that NHK grown
on fibroblast-populated collagen gels in the presence of RA showed
features of a metaplastic epithelium and concomitantly expressed
K13 and K19. Moreover, by the absence of clear granular and
cornified layers, and by the low contents of glucosylceramides and
ceramides, air-exposed HaCaT cultures also show remarkable
similarity to immature and ‘‘wet’’ epithelia (Williams et al, 1988).
These findings imply an inability or difficulty of HaCaT cells to
generate a mature cornified epithelium.
Submerged cultures of HaCaT cells have been reported to
constitutively show a positive staining for keratins that are present
in normal human skin, but additionally to express keratins that are
associated with simple epithelia and nonkeratinizing squamous
epithelia (Ryle et al, 1989). When HaCaT cells were brought under
in vivo influence, however, they have been shown to be capable of
forming a well differentiated epithelium indicating a differentiation
capacity close to NHK (Boukamp et al, 1988; Smola et al, 1993;
Breitkreutz et al, 1998). Nevertheless, also in vivo it has been
demonstrated that HaCaT cells showed parakeratotic characteristics
Figure 6. Incomplete formation of stratum corneum barrier lipids
in air-exposed cultures of HaCaT cells. HaCaT cultures were grown
at the air–liquid interface in medium A (lanes 4, 7, 10), medium B (lanes
6, 9, 12), or medium C (lanes 5, 8, 11) for 3 wk (lanes 4–6), 4 wk (lanes
7–9), and 5 wk (lanes 10–12). The extracted lipids were separated by high-
performance thin-layer chromatography (A). For comparison, the lipid
profiles are shown obtained from native epidermis (lane 1) and from NHK
cultures grown for 2 wk under submerged (lane 3) or air-exposed conditions
(lane 2). Concerning the lipid classes related to skin barrier function, in
HaCaT cultures grown in medium C ceramides 1–5 and GSL were present,
in contrast to medium A and B in which only ceramides 1–3 and ceramide
2, respectively, were detected. FFA content was very low irrespective of
the medium used. Quantitated data are expressed as weight percents of
total lipids (B) or of total ceramides (C). PL, phospholipids; CSO4,
cholesterol sulfate; GSL, glucophingolipids; CER, ceramides (1–7); FFA,
free fatty acids; CH, cholesterol; TG, triglycerides; CE, cholesterol esters.
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Table I. Reconstructed epidermis generated with HaCaT cells shows aberrations compared with air-exposed cultures of
NHK and native epidermis
Reconstructed epidermis
HaCaT NHK Native epidermis
SB, SS present SGb (rarely present)
Tissue architecturea SCb (parakeratotic, rarely present) All strata present SB, SS, SG, SC All strata present SB, SS, SG, SC
Differentiation markersa
Keratins
K1 and K10 all layersb (locally) SPB SPB
K6 and K16 all layers 1st SPB during wound healing, hyperproliferation
K4 SB/SPB irregular absent absent
K13 SPB weak absent absent
K18 absent absent absent
K19 all layers weak absent absent
Transglutaminase all layers irregular SG SG
Involucrin SPB irregular SG SG
Loricrin SPB irregular SG SG
SPRR1 all layers upper SS, SG appendageal, hair follicle
SPRR2 absent/SPB SG SG
SPRR3 SPB absent absent
Lipid markers
Glucophingolipids low content present present
Ceramides 1–5b; low amounts 1–7 1–7
aK, keratin; SC, stratum corneum; SG, stratum granulosum; SS, stratum spinosum; SB, stratum basale; SPB, suprabasal layers. Data are representative for 2–3 wk old cultures.
bIn medium C.
early after transplantation, which resembled the air-exposed HaCaT
cultures in vitro. A shift to an orthokeratotic epithelium has been
shown starting only 3 wk after transplantation.
Standard conditions that are used for growing HaCaT cells are
media supplemented with 10% FBS, cholera toxin, hydrocortisone,
and ascorbic acid (Smola et al, 1993; Breitkreutz et al, 1998).
Efforts to manipulate growth and differentiation of HaCaT cells
experimentally included the addition of exogenous growth factors.
Although HaCaT cells have been shown to be responsive to
exogenous EGF (Game et al, 1992), this study indicated that
terminal differentiation of HaCaT cells was in general not markedly
influenced by supplementation with EGF or other growth factors.
The presence of EGF, however, induced an accelerated maturation
resulting in an initially highly proliferative tissue followed by
senescence within 5 wk after air exposure. Similar effects of EGF
on epidermal maturation were already previously described for
NHK cultures (Gibbs et al, 1997, 1998). Although in air-exposed
cultures of NHK the number of lipid droplets have been demon-
strated to be affected by the concentration of EGF in the medium
(Ponec et al, 1997b), in HaCaT cultures abundant lipid droplets
were present irrespective of the presence and concentration of EGF
and serum.
With regard to the type of substrate used, it has been suggested
that the extracellular matrix may be crucial for the establishment
and maintenance of a regular homeostasis (Breitkreutz et al, 1997).
Seeding of the HaCaT cells on DED, in which basement membrane
components are preserved, however, did not induce an organized
tissue structure. This lack of tissue organization could not be
improved by populating DED with fibroblasts. Although we did
not investigate integrins and basement membrane components, the
finding that growth and organization of HaCaT cells was not
markedly influenced by the underlying substrate, did not support
the requirement of cell–matrix interactions for a proper tissue
morphology.
A factor that partly may explain the difference between the
incomplete differentiation in vitro and the obviously improved tissue
architecture under in vivo influence may be the fact that female
mice were used for transplantation of the HaCaT cells (Boukamp
et al, 1988; Smola et al, 1993; Breitkreutz et al, 1998). Previous
studies have reported that administration of female sex hormones,
estrogens, to pregnant mice accelerated cutaneous barrier develop-
ment of fetuses in vivo as well as in fetal skin explants in vitro
(Hanley et al, 1996b). Other hormones, such as thyroid hormones
also have been shown to accelerate barrier formation in fetal rats
in vitro (Hanley et al, 1996a). Furthermore, sex steroid hormones and
thyroid hormones have also been recognized to affect pulmonary
development by accelerating lung maturation (McMillan et al,
1989; Mendelsson and Boggaram, 1991). Incubation of HaCaT
cultures in vitro in estrogen-, progesterone-, or T3-supplemented
media, however, did not improve tissue morphology and cell
differentiation.
Concerning the development of a stratum corneum in air-
exposed cultures, it has recently been demonstrated that vitamin C
plays a key role in the formation of stratum corneum barrier lipids
(Ponec et al, 1997a). In addition, vitamin D3 has been shown to
accelerate terminal differentiation (Kuroki, 1985) and in submerged
cultures of HaCaT cells to induce an elevation of ceramide levels
similar to cultures of NHK (Geilen et al, 1996). In a study by
Schu¨rer et al (1993) even high similarities in lipid synthesis and
composition between submerged cultures of HaCaT cells and NHK
have been demonstrated; the only difference being a low-density
lipoprotein-dependent cholesterol synthesis at all stages of growth
in HaCaT cells. In this study, when serum-free culture medium
supplemented with vitamin C was used, the synthesis of glucosylcer-
amides and ceramides by HaCaT cells was slightly enhanced. The
amounts of these lipids were much lower, however, than those
seen in air-exposed NHK cultures. Moreover, the synthesis of the
most polar ceramides 6 and 7 was not induced at all. In addition
to impaired synthesis of ceramides, the content of other barrier
lipids – free fatty acids – was extremely low. The observed
differences in ceramide and free fatty acid contents showed obvious
similarities to lipid compositions in nonkeratinized oral epithelia
(Wertz et al, 1986). Further difference between NHK and HaCaT
cells was seen in triglyceride content, which was much higher in
the latter even in the absence of serum. The high rate of triglyceride
synthesis can explain the abundant presence of lipid droplets
throughout all layers of the HaCaT cultures. Our results clearly
showed an impaired capacity of HaCaT cells to synthesize lipids
that are necessary for a proper barrier formation, also indicating
certain defects in the regulatory mechanism of terminal differenti-
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ation. This corresponds to the in vivo situation in which HaCaT
cell transplants have demonstrated some abnormalities in the
structure and number of lamellar bodies at the ultrastructural level.
Based on these observations an aberrant lipid synthesis and turnover
has been suggested (Breitkreutz et al, 1998).
The apparent discrepancy between submerged and air-exposed
cultures of HaCaT cells has already previously been reported for
another transformed keratinocyte line, i.e., SVK14 cells, which
have been demonstrated to resemble NHK when grown under
submerged conditions with respect to a variety of parameters related
to proliferation and differentiation (Ponec et al, 1985). Nevertheless,
this cell line could not be grown at the air–liquid interface
implicating differences in cell behavior under submerged and air-
exposed conditions (unpublished data).
Other studies reporting the generation of skin equivalents with
transformed human keratinocytes, e.g., human papilloma virus-
transformed and SV40-transformed nontumorigenic keratinocytes,
revealed that cultures on collagen gels demonstrated highly disorgan-
ized patterns of squamous differentiation without formation of
granular or cornified layers (Tsunenaga et al, 1994). In addition, it
has been shown that a number of squamous carcinoma cell lines
failed to differentiate under conditions that are favorable for the
growth and differentiation of NHK (Ponec et al, 1989). Although
these cell lines, including HaCaT cells, expressed genes coding for
proteins involved in terminal differentiation, the control of these
genes was abnormal (Ratman et al, 1996). Also for transformed,
tumorigenic mouse keratinocyte cell lines it has been described
that the exogenous growth and differentiation control was lost
with time and was switched to a more autonomous behavior
(Breitkreutz et al, 1986). The concomitant loss of regular, homogen-
eous keratin expression in these cell lines was also seen in the
HaCaT cultures demonstrating similar discontinuities in the keratin
profiles in time. In this view it may be postulated that at a certain
stage of development the responsiveness of HaCaT cells to the
environmental conditions may change resulting in an abnormal
differentiation process.
In conclusion, our data demonstrate that epidermal differentiation
of HaCaT cells grown under air-exposed conditions still remain
incomplete as the ultimate steps of terminal differentiation, i.e., the
formation of a stratum granulosum and of an anucleated stratum
corneum, did not occur (summarized in Table I). Apparently,
neither the type of substrate used nor the culture conditions
employed, seemed to be critical for the terminal differentiation
process of HaCaT cells. Nevertheless, although in air-exposed
HaCaT cultures normal tissue architecture was usually absent and
differentiation remained incomplete, the presence of additional
factors in vivo either originating from other cell types or from the
blood circulation, may contribute to a normalization of the epi-
dermal phenotype.
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